Four conventional activated sludge sewage treatment plants (STPs) in Southern India were chosen to investigate the occurrence of major ions and trace metals in dissolved fraction of the wastewater.
INTRODUCTION
The need for safe and scientific disposal of wastewater has long been recognized as an integral part of a civilized society. Unscientific disposal of wastewater ultimately reaches the drinking water and is often the cause of bacterial diseases like gastroenteritis, dysentery, and cholera. The advancement of medical science and analytical capabilities have revealed that trace metals from the wastewater can also contaminate the drinking water and cause complex diseases like kidney malfunction, etc. (Satio et al. ; Jayasumana et al. ) . This is more of a concern because conventional activated sludge type sewage treatment plants (STPs) are more designed to remove the biological matter than the trace metals (Karvelas et al. ) .
Trace metals naturally occur in the Earth's crust in small quantities. They are non-biodegradable and have long halflives. Several of them may be essential for humans, plants, and animals, but in excess, can be toxic. Anthropogenic sources of trace elements in the environment are mostly through the release of industrial effluents (Nriagu & Pacyna ; Alagarsamy & Zhang ; Audry et al. Rani et al. ) and these elements subsequently enter the food chain (Volesky ) . Some of these elements may have the tendency to bio-accumulate and biomagnify along the food chain (Viessman & Hammer ) . Humans, being at the apex of the food chain, are most vulnerable to these ill effects. Apart from the above, other common sources are vehicular emissions to the atmosphere that get deposited on the soil and enter wastewater treatment systems through runoff (O'Farrell et al. ) . Current research in the areas of remediation of metal contaminated surface and ground water by using nanoscale zero-valent iron shows significant removal capability (Zou et al. a) . Nanoscale layered double hydroxides, double oxides and metallic oxides too show a promising solution as coagulants for efficient removal of pollutants like graphene oxides from water matrices at optimum pH and temperature conditions (Zou et al. b) .
; Usha
In this study, an attempt is made to determine the seasonal variation in the concentration of trace elements in the inlet and outlet of four STPs in southern India, which caters to residential and hospital complexes. Here we examine the cycling of dissolved toxic elements between source and discharge from the treated effluents of the STPs. This is important because the river water is being utilized for drinking, irrigation and recreation purposed by the local public. The second intention is to know if the conventional activated sludge treatment plant chosen for this study is capable of removing all the studied toxic elements from the system, and what are their efficiencies? Further, a comparison is made between the final treated wastewater samples for heavy metals and the concentrations in the source river water (Swarna River) reported by Tripti et al. () . Water from the Swarna River is the main source of fresh water for a community of approximately 25,000 inhabitants at Manipal town on the southwest coast of India. This study is unique as an attempt is made to determine the exact concentrations of elements at microgram levels in the aquatic ecosystem at the water's origin, as well as during anthropogenic use and treatment, and during its disposal back into the environment. In addition, this study involves STPs which receive wastewater from selected sources, such as only domestic, only hospital, and mixed hospital and domestic wastewater, allowing the recognition of the differences in the anthropogenic contributions of elements at each plant. Although the study deals primarily with 'trace metals' in the general sense, the term is substituted by 'trace elements' (He et al. ) due to the lack of a universally accepted scientific definition of the term (Duffus ).
MATERIALS AND METHODS

Study area
The study area is located on the south west coast of India which has a tropical climate with annual rainfall of 4,000 mm between June and November. The coastal agro climatic west flow river basin consists of perennial rivers during normal rainfall years. The prevailing hilly terrain and heavy rainfall brings a great volume of water in these rivers during monsoon. Swarna River, which is a source of water to the Udupi District, Karnataka State where the study area is located, joins the Arabian Sea and is prone to tidal effects up to considerable lengths inland. The study area experiences an average temperature of 26.5 C. The temporal variation of rainfall is confined to 3-4 months in a year. The red lateritic soil is the most dominant soil type in the area. Geologically, rocks like gneisses with occasional laterite capping and unconsolidated river sediments are seen along river courses. The period between June and September is classified as monsoon, October and January as post-monsoon and February to May as pre-monsoon. The residences and hospitals in the study area utilizes the water for its domestic purposes from a small west flowing river, Swarna, which eventually discharges into the Arabian Sea. The studied STPs treat the waters received from the residences and hospitals and reuse it for green belt development.
Sampling
Eight samples during pre-monsoon and 14 samples during monsoon season were collected from four STPs receiving effluents from domestic sources (STP1), from a mix of domestic and hospital sources (STP2 and STP4) (coordinates: 13.3605 N, 74.7864 E), and from a hospital source (STP3) (coordinates: 13.3409 N, 74.7421 E). Detailed sampling methods are presented elsewhere from the same group (Akiba et al. ) . The treatment capacity of STP1 and STP 2 are 1,800 kiloliters per day (KLD) each, whereas STP 3 and STP 4 have a capacity of treating 50KLD and 1,500 KLD, respectively. All the treatment plants use the conventional activated sludge treatment process. In this process, extended aeration is artificially delivered to support bacterial growth. The above plants used air diffusers and surface aerators to achieve aeration. All the treatment plants function on the principle of organic degradation by aerobic processes followed by settling, filtration and disinfection.
Grab samples were collected on clear sky conditions during two seasons, pre-monsoon (May) and monsoon (September) in the year 2013. Sampling was done during peak flow period of 9:00 am to 11:00 am. They were collected in different compartments of the treatment plant (Figure 1 ), which is classified as follows: step Aequalization tank, step Baeration tank, step Csettling tank/clarifier and step Doutlet. Henceforth in the manuscript, these processes are referred as steps A, B, C, and D. Figure 1 shows the flow diagram of the treatment plant with sampling points. First, the sewage passes through a series of grit chambers to remove any coarse solid particles and collects in the equalization tank, which is representative of the raw sewage where the first sample is collected (step A). Aeration is provided to ensure appropriate mixing in this tank. The water then flows into the aeration tank (step B), where organic degradation occurs in the presence of aerobic bacteria. Overflow from the aeration tank moves into the settling tank (clarifier).
Step C is the settling process wherein the degraded organic material is separated from the liquid phase of the effluent, thereby considerably improving water quality. Some amount of sludge from the settling tank is returned on a continuous basis to the aeration tank. Excess sludge is pumped to the sludge drying beds.
Step D is the filtration process wherein particulates are removed and is followed by disinfection.
In pre-monsoon, samples were collected from step A and step D. In monsoon, they were collected from all the compartments (A, B, C, and D). In STP 3, however, samples were collected from step B, because of inaccessibility of the inlet at step A.
Sample preparation and analysis
During the peak flow (between 6 am and 10 am), grab samples were collected into polypropylene bottles that were cleaned prior to sampling using 10% HNO 3 and thoroughly washed with double-distilled water. Before sample collection, the bottles were further rinsed with the sample. 100 mL of sample was syringe-filtered through disposable 0.45-μm pore-size nylon filters. Samples were preserved in nitric acid for ultra-trace analyses (Wako Chemicals, Japan) to prevent the precipitation of elements and post sampling microbial activity. Twenty-seven trace elements were analyzed using high-resolution inductively coupled plasma mass spectrometry (ICP-MS; Agilent 7500cx; Agilent Technologies Inc., Santa Clara, CA, USA) at the Tokyo University of Agriculture and Technology, Japan. The limits of quantitation and limits of detection of elements in water samples were 0.03-50 μg/L and 0.03-10 μg/L, respectively. ICP-MS conditions were as follows: radio frequency (RF) power: 1,600 W, carrier gas (Ar) flow rate: 1.12 L/min, makeup gas (Ar) flow rate: 0.1 L/min, peristaltic pump speed: 0.1 rps. Elemental concentrations were quantified using external calibration curves consisting of a nine-point concentration series. 104 Rh (500 μg/L) was used as an internal standard. A reference material (National Institute of Standards and Technology (NIST)) was used for checking the reproducibility of the measured values. Recovery of target elements ranged from 91% to 113%. The relative standard deviations (RSD; n ¼ 6) of elements were <10%, the details of which are reported elsewhere by this group (Diyabalanage et al. ) . The concentrations of Cd, In, Sb, Tl, and Bi were insignificant (<0.03 μg/L), and hence these elements are not considered for further discussion.
RESULTS AND DISCUSSION
Element concentrations in STP wastewater
Based on the toxic effect of chemical elements, the United States Environment Protection Agency (USEPA) has classified 14 of them as priority trace elements (PTEs) (Chapman et al. ) of which eight (Cr, Ni, Cu, Zn, As, Se, Ag and Pb) were detected in the current study. The average inlet concentrations of PTEs for the pre-monsoons ranged from 0.22 to 21 μg/L in the order Pb < As < Se < Cr < Ni < Ag < Cu < Zn, with outlets ranging from 0.11 to 20.6 μg/L (in the order Pb < As < Se < Ni < Cr < Ag < Cu < Zn) ( Table 1 ). The average inlet concentrations of PTEs during the monsoons ranged from 0.11 to 18.3 μg/L (in the order Pb < As < Se < Cr < Ni < Ag < Cu < Zn) and 0.12 to 30.8 μg/L in the outlet in the same order.
Apart from the above, 14 other elements (OEs -Mg, Ca, Fe, Sr, Mn, Rb, Ba, Li, V, Mo, Cs, Ga, Co, Sn) were analyzed and their concentrations were grouped into two categories (Table 1) . OEs I (Mg, Ca, Fe, Sr, Mn, Rb) had an average range of inlet concentrations during the pre-monsoons, varying from 24 to 8,807 μg/L and outlet concentrations of 22 to 9,593 μg/L in the order of Rb < Mn < Sr < Fe < Mg < Ca. For the same elements, the average monsoon concentrations at the inlet were ranging between 23 and 13,517 μg/L and those with the outlet concentrations were 20 and 8,048 μg/L, respectively, exhibiting a similar order of the element distribution in wastewater (in the order Rb < Mn < Sr < Fe < Mg < Ca). For the OEs II (Ba, Li, V, Mo, Cs, Ga, Co, Sn), pre-monsoon average concentrations varied from 0.24 to 6.23 μg/L at the inlet and 0.19 to 11.3 μg/L at outlet in the order of Sn < Co < Ga < Cs < Mo < V < Li < Ba. For the monsoon OEs II, average inlet concentrations ranged from 0.16 to 8.24 μg/L and outlet concentrations from 0.16 to 6.16 μg/L, varying in the same order of elements as for the pre-monsoon season. However, there was a decrease in the concentrations of most elements analyzed during the monsoons in the inlets and outlets of the treatment plants, compared to the pre-monsoons.
Concentrations of Mg and Ca were found to be comparatively higher during the pre-monsoon, than the monsoon season (Table 1 ). In the pre-monsoon, Ba, Li, and V were dominant, followed by Mo, Cs, Ga, Co, and Sn. PTEs were represented mainly by Cu and Zn followed by Ag, Cr, Ni, Se, As, and Pb. Similar trends were observed during the monsoons, but in lower concentration ranges for both OEs II and PTEs. This could be because of the seasonal variations in concentrations in the source water from the adjacent Swarna river, received by the STP. Tripti et al. () studied the seasonal variations of the Swarna river and arrived at a similar conclusion that the average pre-monsoon concentrations in the river were higher than monsoon concentrations for Fe, Mn, Sr, Ba, Rb, Ga, Se, and As. They have attributed this to the dilution effect during the monsoons.
Mass fluxes of elements in STPs
Mass fluxes of OEs and PTEs for treatment plants STP1, 2, and 4 during the pre-monsoons were calculated on the inflow rates of 1,800, 1,500, and 1,800 KLD (Table 2) . Inlet loading rates for Mg and Ca were 44.9 × 10 3 and 34.1 × 10 3 g per day with removal efficiencies of these elements at 23.8% and À4.4%, respectively ( Supplementary  Table S1 , available with the online version of this paper). This study did not investigate the element concentrations in the particulate phase (>0.45 μm). However, it can be assumed that some elements may partition onto settled sludge which during the treatment process (according to varying redox conditions) might have desorbed from the sludge into the overlying water column and hence we see an increase of their concentration in the outlet and gets removed from the treatment plant. The highest removal efficiency of 59% was recorded for Mn, while removal efficiencies ranged from 9.2 (Rb) to 16% (Fe) for OEs I. Loading rate of OEs II elements showed a range from 1.4 (Sn) to 28 (Ba) g per day, while Ba and Ga showed an increasing trend in the outlet concentration, 2.2 and 1.6 times, respectively. The remaining elements had a removal efficiency ranging from 0.04% (Li) to 47.3% (Mo). Among the PTEs, highest loading was of Cu found at 126 g per day with a removal efficiency of 19%. In contrast, Zn and Se levels showed a slight increase by 1.07 and 1.05 times at the outlets. Ni showed the highest removal rate (61.5%) of the PTEs studied in these STP outlets.
In contrast, during the monsoons, inlet loading rates per day was lower for Mg (15.4 × 10 3 g) but higher for Ca (43.6 × 10 3 g) with higher removal efficiencies of 31% and 27%, respectively. The removal rates of OEs I ranged from 23% (Rb) to 67% (Mn). The removal rates of measured OEs I increased during the monsoons. All the outlet concentrations of the OEs II had removal efficiencies ranging from 1.0% (Sn) to 55% (Mo), which suggests that the removal efficiency improved with reduced loading rate for most of the OEs II. However, it was found to be the opposite for PTEs; Cu, Zn, Ag, and Pb showed increases by 1.66, 1.87, 1.22, and 1.21 times in outlets, suggesting that there could be desorption of these elements from the settled sludge.
Another interesting finding was that the inlet OE (except Cs, Ga, Co, and Sn) and PTE concentrations (except Ag and Pb) of STP1 were the least of the three STPs during the premonsoons. During the monsoons, all OEs (except Sn) and PTEs (except Cu, Zn, and Cr) were lower. This may be due to the STP1 catering to only domestic wastewater as against other plants that have a mix of both domestic and hospital effluents. However, further studies are required to clarify how hospital wastewater contributes to elevated trace-element levels in wastewater.
Fate of elements in hospital wastewater (STP3)
Ground water is the hospital's drinking water source, which is ultimately received by STP3. Hence, the fate of the elements in STP3 is separately discussed. During the premonsoons, STP3 showed comparatively contrasting outlet characteristics compared to other STPs. In STP3, the actual inlet samples could not be collected; therefore, the sampling was performed from the second treatment stage, i.e. aeration. During aeration, Mg concentration during the pre-monsoons was 2,935 μg/L compared to a range of 7,311-9,900 μg/L for the other STPs, while Ca showed a higher concentration of 14,826 μg/L compared to the maximum inlet concentration of 8,683 μg/L in other STPs (Table 1) . This may be due to the raw water source or influent characteristics reflecting hospital waste. Furthermore, the mass fluxes calculated for an inflow of 50 KLD show that the outlet concentrations of two-thirds of all elements were always higher than the inlet concentrations reflecting a sharp contrast to the other STPs studied. As stated above, this does not truly indicate the precise inlet concentration, and there may have been a lower or higher concentration at the actual inlet compared to STP1, 2, and 4. This may be due to the reductive dissolution as was the case with Fe, leading to Ni release from the sludge. Studies in natural deep-sea conditions have shown that aerobic decomposition of organic material is one of the mechanisms for the enrichment of particle-reactive metals such as Cu, Pb, and Zn in natural environments (Sokolowski et al. ) .
The aeration tanks used herein are based on this principle. The excess concentration may also be due to the inability of the treatment process to eliminate these elements into the sludge due to improper settling or overloading. In contrast, the monsoons showed a lower Mg concentration in STP3 of 2,737 μg/L compared to 2,305 to 3,971 μg/L at the inlets for the other STPs; however, Ca showed a higher concentration of 28,020 μg/L when compared to the maximum concentration of 10,992 μg/L at STP4. The removal efficiency ( Table 3 .
Treatment-oriented element movement
During the monsoons, the samples were collected from four stages for the STP1, 2, and 4 to understand the nature of the movement of these elements within the treatment system (Table 1) . Generally, the order of OEs I concentrations was STP 2 > STP 4 > STP1, suggesting that contribution of such elements from domestic wastewater was less. Mg concentration, although low in the inlet, decreased at the outlet with a maximum concentration in the aeration tank indicating retention in the plant for STP2 and 4. Ca concentration decreased at the outlet in STP4, thus showing good removal efficiency; however, STP1 and 2 showed a slight increase at the outlets (1.13 and 1.03 times, respectively). The higher levels of Fe, Mn, and Rb found in step A samples suggest that the aeration process may release them into the soluble fraction. Ba and Li were considerably removed in STP2 and 4 but marginally increased at the outlet of STP1 (2.10 and 1.28 times, respectively). Ga increased sharply between steps B and C in all STPs (5.44, 3.66, and 4.73 times, respectively) . Cu remained almost the same throughout the treatment steps in STP2 and 4 but increased in STP1 (2.39 times). Zn consistently increased from inlet to outlet in all the three STPs (2.02, 1.48, and 2.26 times, respectively). Ag either increased (2.09 times at STP1) or remained constant, suggesting minimal removal. The highest Ag increase was found between steps B and C in all the STPs (1.68, 1.80, and 3.21 times, respectively). In STP4, As increased by 5.05 times between steps A and B, but the values of As at the outlet was less than that at the inlet. The STP4 drives oxygen into the plant through surface aerators compared to STP1 and 2. The effluent is subjected to mechanical churning, which helps in breaking organic matter down into smaller particles and leads to a better biological degradation. This may be the reason for improved removal efficiency observed in STP4 compared to the other two plants. The removal of trace elements herein pertains to only the effluents; thus, it is expected that the remainder of the mass is present in the settled sludge in the treatment system. Another important factor to be considered in the entire removal process is the actual amount of activated sludge which is recirculated into the aeration tank; furthermore, adding certain elements to the dissolved phase could result in an increase in the outlet concentration compared to the influent.
Anthropogenic element addition at STPs
The water source used by the community is the nearby Swarna River from which water is pumped and treated in a raw-water treatment plant. The treated raw water is supplied for use in domestic and healthcare activities. The wastewater generated is collected in STP1, 2, and 4 for treatment prior to disposal for inland gardening. Results from a previous study on river water quality were used to compare with the current study. Comparison of the two results of premonsoons showed that OEs I was lower in the river compared to the inlets of the treatment plants (Table 2) . Mg and Ca could not be compared due to the lack of data from the river's study. The estimated mass flux of Fe was 862 g for 5,100 KLD pumped from the river but the inlet flux at STP was 1,098 g (1.3 times of river water concentration), which suggests that the excess 236 g was due to anthropogenic addition. Similar estimation performed for other elements showed that Sr, Mn, and Rb increased by 2.0, 1.2, and 9.1 times at the inlet. OEs II also showed a similar trend with Ba (1.3 times), V (11 times), Li (23 times), Co (3 times), Ga (3.7 times), and Cs (81 times) increasing in the inlet in comparison to the river. The highest anthropogenic addition was observed in the case of Li, which increased by 23 times with a value of 18 g. A similar trend was observed in PTEs with Cu showing the highest anthropogenic addition of 125 g (157 times), while the rest was in the order of Zn (86 times) > Ag (3,254 times) > Ni (21 times) > Cr (32 times) > As (9.6 times) > Se (7.2 times) > Pb (2.2 times). In comparison to the rivers, the addition of metals in inlet of the STP is attributed to corrosion of the pipes in the distribution network (e.g. increase in Fe), laboratory activities, usage of soaps and detergents, personal care products, and other day-to-day usage products, that contain trace elements. This indicates that trace metals are released during their usage in the community resulting in their increase in the inlets of the STPs and consequently gets recycled into the environment (Figure 2) via the outlets and sludge.
OEs I concentrations were lower in the river water sampled during the monsoons but increased in the inlets for Fe (544 g addition; 1.7 times increase), Mn (216 g; 7.6 times), Sr (217 g; 5.32 times), Rb (112 g; 18 times) (Table 2, Figure 3) showing a higher rate of addition as compared to the pre-monsoon samples. In contrast, OEs II showed a lower rate of increase in inlets for all the elements compared to the pre-monsoons, except for three elements (Ba, Ga & Co) . A similar trend was noticed for PTEs where the rate of anthropogenic addition is lower compared to during the pre-monsoons (Figure 3) . The increase in Fe during monsoons may be due to the entry of storm water into the sewerage network, effectively carrying with it major elements from the soil. However, in the latter case, the lower quantum of increase in OEs I & II may be due to the relatively small percentage of trace elements usually present in top soil that eventually leaks into storm water (Alagarsamy & Zhang ) . In addition to the surface runoff, wet or dry deposition into the STPs constitutes other pathways apart from the actual inflow from domestic or health care sources (Figure 4) .
Seasonal variation at STPs
Seasonal variation is known to exert an influence on the natural environment, resulting in changes in both physiochemical and biological parameters. Trace elements, such as Li, Be, Al, V, Cr, Ni, Zr, In, Pb, Bi, and U, in the river source, were found to be comparatively higher during the monsoon season due to possible leaching of trace elements, as reported by Tripti et al. () . In contrast, we determined that the average concentrations of elements, such as Li, V, Cs, Co, Cu, Zn, Ag Cr, Ni, Se, As, and Pb, at the STP inlets are higher in the pre-monsoon season ( Supplementary Table S2 , available with the online version of this paper). In addition, Sr, Mn, and Rb concentrations were higher in the pre-monsoon samples for at least two STPs. This indicates a higher anthropogenic addition during the pre-monsoon for these elements prior to water reaching the STPs. Overall, there appears to be a definite addition causing higher concentrations at STP inlets compared to those reported in the river, although the river study was conducted two years prior to the research described herein.
These results indicate a higher concentration trend in the pre-monsoon season compared to that during the monsoon, both in the river study as well as this study. This trend may be partially attributed to the dilution factor as the region receives 4,000 mm rainfall over a period of 180 days. Consequently, there is a marked increase of inflow due to storm water infiltration into the STPs. This is anticipated to dilute the trace element concentrations in the inlet wastewater compared to pre-monsoon levels. Seasonal variability was observed to influence the removal efficiency of OEs II, for which the monsoon showed a higher efficiency than the pre-monsoon season (this was also reflected in STP 3); however, the pre-monsoon season displayed a higher removal rate for PTEs which is attributed to biomineralisation by high microbial loads in the aeration tank which would otherwise get diluted during monsoons.
Comparison to other Indian treatment plants and standards
The results of outlet trace element concentrations were compared to the minimum and maximum reported outlet values by Central Pollution Control Board (CPCB ) from various wastewater treatment plants in India (Table 4) . Cd was insignificant (<0.03 μg/L) in the current study but ranged from below detection limit (BDL) to 240 μg/L in earlier studies investigated at other locations. Cr concentrations ranged from 3.05 to 5.45 μg/L in this study against a reported range of 'not detectable' to 14,000 μg/L at other sewage treatment plants (STPs). Cu concentration ranged from 7.3 μg/L to 32 μg/L in this study against a maximum reported value of 7,200 μg/L at an STP located at Vellore. Ni ranged from 1.76 to 4.24 μg/L in this study while compared to BDL to 1,339 μg/L reported at other STPs. Pb was found in very low concentrations of 0.11 to 0.15 μg/L in our study compared to a range of BDL to 410 μg/L in other locations. The highest Zn concentration (4,400 μg/L) was reported at a plant at SIDCO (Vellore), whereas the values were 19-34 μg/L in our study. Hence, outlet concentrations of trace elements in the studied STPs were the lowest among those STPs discussed in Table 4 . Furthermore, the outlet results were compared to Indian drinking water standards IS  () and to international drinking water standards by USEPA (Viessman & Hammer ) and WHO (Kumar & Puri ) , as well as treated effluent standards set by CPCB () ( Table 5 ). All parameters were found to be within the permissible limits.
CONCLUSIONS
Twenty-two trace elements and major ions were identified at four STPs in the southwest coast of India. The concentration of toxic elements was lower during the monsoons than those during the pre-monsoons at the inlets and outlets of the STPs. Lower inlet concentrations were observed in the domestic-treatment plant compared to the hospital-treatment plant, suggesting higher addition rates from hospital waste. Removal rates of OEs from effluents were consistently higher during the monsoons, except for V and Sn. In contrast, removal rates for PTEs (Cr, Ni, Cu, Zn, As, Se, Ag and Pb) were higher during the pre-monsoons, except for Se and As. Comparison with the river water source shows that there is an anthropogenic addition of OEs I (Fe, Sr, Mn, Rb) and PTEs during the domestic use of water at the outlet. The maximum addition was during the monsoons for OEs I. The pre-monsoons showed higher addition rate for four OEs II (Li, V., Cs, Co) and all PTEs. Compared to the concentrations of trace elements in wastewater treatment plants reported from the rest of India, the outlet samples in the study area showed the lowest concentration of Pb. Outlets from all STPs were found to be within the discharge limits of national and international standards for trace elements.
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